Detecting oncogenic changes in the genome of cancer patients is crucial for targeted therapy. Such changes include alterations to KRAS, a GTPase located upstream of several signalling transduction pathways implicated in cancer formation. While nextgeneration sequencing (NGS) allows for comprehensive analysis of a genome, the technology can struggle to detect low frequency variants. To improve the sensitivity of NGS for detecting mutations we created a peptide nucleic acid (PNA) clamp, validated by qPCR, designed to bind wild-type KRAS (WT KRAS) across codon 12 during the PCR amplification stage of a NGS library preparation. We tested the effect of clamping the wild-type KRAS sequence in a reference standard with a KRAS c.35G>A mutation (KRAS G12D ) at an allelic frequency (AF) of 1.3% and on circulating-free DNA from a patient harbouring a KRAS G12D mutation (at an AF of 3.2%). Runs were conducted using 10, 5, 2.5 and 1 ng of DNA input. The PNA increased the number of mutant reads and their frequency relative to wild-type calls, allowing for more sensitive detection at all tested concentrations of DNA input.
Introduction
Lung cancer is the leading cause of cancer mortality globally [1] . To better treat this disease, methods to accurately and sensitively detect the somatic mutations driving malignancy are urgently needed. Somatic KRAS mutations are present in~25-30% of lung adenocarcinomas [2] [3] . KRAS orchestrates several signalling transduction pathways fundamental to oncogenesis, with alterations in codons 12 and 13 accounting for up to 95% of all KRAS mutations found in lung adenocarcinoma patients [3] , making this hotspot location a key focus of mutation detection assays. There have been many attempts to inhibit the activity of KRAS (reviewed in [4] ) but a recent study described a small molecule inhibitor for KRAS G12C supporting a novel therapeutic strategy to target this protein [5] . Furthermore, an experimental therapy with trametinib, an inhibitor of MEK1/2, downstream effectors of RAS, combined with docetaxel, may improve the survival of lung cancer patients with KRAS mutations [6] . Hence, patient stratification based on KRAS mutational status may aid the therapeutic response at present, and also as additional RAS-targeted treatments emerge. Next-generation sequencing (NGS) represents one of the most important technological advances in the molecular diagnosis of cancer in the last 30 years [7] . NGS enables interrogation of multiple regions of the genome for oncogenic changes, on scales unfeasible for more traditional mutation detection methods such as polymerase chain reaction (PCR). However, somatic mutation detection by NGS, using platforms such as the Ion Personal Genome Machine (PGM), is characterised by relatively low sensitivity (down to 1-5%) due to its intrinsic sequencing error rates compared to other mutation detection methods [8] . PNA "clamps", first synthesised by Nielsen and colleagues [9] , are DNA analogues that inhibit amplification of their target DNA sequences (Fig. 1A) . By blocking the amplification of wild-type gene sequences, they became an established tool to aid the detection of oncogenic mutations in several PCR-based methodologies [10] . Here, we tested whether PNA clamps are capable of increasing the detection sensitivity of low frequency oncogenic mutations using the AmpliSeq NGS workflow on the Ion Torrent PGM sequencer. Combining the high-throughput nature of NGS with the sensitivity of PNA clamping, we show, for the selected amplicon, increased detection rates for the low frequency mutation in KRAS G12D .
Objective
To test whether the addition of a PNA clamp, which binds WT KRAS at codon 12, can increase the efficacy of mutation detection for KRAS G12D within a targeted NGS setting. PNA clamps are designed to bind complimentary DNA sequences: specifically, the PNA binds to WT DNA sequence (blue circles) preventing their amplification during a PCR reaction, and thereby increase the amplification of sequences with a somatic mutation (red circles).
(B) PNA clamp for KRAS WT increases the detection threshold for KRAS G12D in a DNA reference standard using quantitative PCR (mean ± S.D., the number of technical replicates (n) is indicated inside the bars). (E) Detection of a KRAS G12D in a lung cancer patient by ddPCR. This assay detected a KRAS G12D mutation present in the patient plasma sample at a frequency of 3.2% (red dots). To assess the mutant allele fraction, the concentration of mutant DNA in circulating DNA from the plasma was estimated from the Poisson distribution. (F) PNA clamp for KRAS WT increases the detection threshold for KRAS G12D in a patient's circulating DNA by qPCR (mean ± S.D., the number of technical replicates (n) is indicated inside the bars). The amount of DNA template (DNA input) used in the PCR reactions is indicated. (G, H) PNA clamp for KRAS WT increases the detection sensitivity by NGS of an oncogenic mutation in a clinical cfDNA sample. The PNA increases both the read depth for KRAS G12D calls (G) and the detected mutant frequency (H). The amount of reference DNA used in each NGS library preparation is indicated. Black dashed lines indicate the lower limit of the variant detection threshold. *p <0.05, **p <0.01, significant difference between absence and presence of the PNA clamp, Mann-Whitney test. Peptide Nucleic Acid Clamp The PNA clamp utilised was 6 bases in length and designed to clamp the KRAS wild-type sequence only, preventing amplification while leaving mutant sequences fully able to amplify during PCR. The PNA clamp sequence used was CACCAG.
PCR Primers and Probes
Primers used were those designed for the Ion AmpliSeq ™ Cancer Hotspot Panel v2 sequencing panel (Thermo Fisher Scientific, Paisley, UK). The sequences are as follows: KRAS forward primer 5'-CAAAGAATGGTCCTGCACCAGTAATAT-3' and reverse 5'-AGGCCTGCTGAAAATGACTGAATATAA-3'. For the genomic region under investigation in KRAS, two TaqMan probes were designed to bind to the same genomic location, with one probe specific to the wild-type sequence, 5'-TTGGAGCTGGTGGCGT-3', and one specific to the G12D mutation, 5'-TGGAGCTGATGGCGT-3' (Thermo Fisher Scientific, Paisley, UK). Droplet Digital PCR All ddPCRs were conducted on a QX200 Droplet Digital PCR System (Bio-Rad, Watford, UK) using the manufacturer's protocol and reagents. Thermal cycling conditions were as follows: 95℃ for 10 min, 40 cycles of 95℃ for 15 s and 60℃ for 30 s, 90℃ for 10 min. A no template control and a positive control were included in every assay. Analysis was performed according to manufacturer's instructions on QuantaSoft Software (Bio-Rad, Watford, UK). Quantitative PCR Quantitative Real-time PCR was performed on the StepOnePlus Real-Time PCR System (Applied Biosystems, Foster City, CA, USA) using TaqMan Fast Universal PCR Master Mix (Thermo Fisher Scientific, Paisley, UK). Thermal cycling conditions were as follows: 95℃ for 10 min, 40 cycles of 95℃ for 15 s and 60℃ for 30 s. Reactions were conducted in triplicate, including a no template control and positive control. To account for nondetects in the qPCR data, C t values >35 were replaced with a C t of 35, which has been previously shown to reduce bias [14] . Ion Torrent NGS Protocol Library generation followed the protocol described in the Ion AmpliSeq Library Kit 2.0 User Guide using the Ion AmpliSeq Cancer Hotspot Panel v2 primer pool, comprising 207 amplicons covering approximately 2,800 COSMIC mutations from 50 oncogenes and tumor suppressor genes. The relevant PNA clamps were added at a concentration of 10 µM per PNA clamp, before the initial multiplex PCR amplification with the primer pool. Two NGS runs were performed on 316v2 chips on an Ion Torrent PGM. These runs consisted of an unmodified run and an NGS run with a KRAS WT PNA clamp. Base calls, PCR duplicate removal and quality control analysis occurred on an Ion Torrent server using tools from the Ion Torrent Suite (v4.0-r76860). Sequencing reads were aligned to the reference human genome 19 (hg19) using the Torrent Mapping Alignment Program (TMAP). Variant calling was performed using the Torrent Server variantCaller plug-in (v5.0.2.1). The experimental protocols and raw data were deposited in ArrayExpress under accession E-MTAB-5718.
DNA Reference Sample
The reference sample used was the "Tru-Q 7 (1.3% Tier) Reference Standard" (Horizon Diagnostics, Cambridge, UK). This pooled DNA contained mutations at a range of frequencies (1.0 to 30.0%), with the majority of ddPCR-verified mutations having an allelic frequency (AF) of 1.3%. Patient DNA Sample Blood sample collection from an advanced non-small cell lung cancer patient was conducted in accordance with the Declaration of Helsinki. The study protocol was approved by the relevant Ethics Committee. All patients gave written informed consent prior to participation. Blood was taken by venepuncture into K2-EDTA-containing collection tubes (BD Biosciences, San Jose, CA, USA) and processed for cfDNA isolation as de-scribed in Page and colleagues [15] . Results 
& Discussion
To assess the potential of a PNA clamping to target the WT KRAS codon 12, we first used a quantitative multiplex cell line DNA reference standard (Tru-Q7 reference standard), with an allelic frequency of KRAS G12D mutation of 1.3%, as determined using droplet digital PCR (ddPCR). Such a frequency would typically be challenging for reliable detection by NGS. We first tested our hypothesis by performing a quantitative PCR analysis (qPCR) of the Tru-Q7 reference DNA in the presence or absence of a PNA clamp designed to bind WT KRAS codon 12 and therefore prevent its amplification. We observed that the addition of the PNA clamp increased the detection threshold for KRAS G12D for a range of concentrations of Tru-Q7 reference DNA, with a matched decrease in the detection threshold of the WT KRAS allele (Fig. 1B) . Specifically, with 10 ng input template DNA, the PNA shifted the average cycling threshold (C t ) for mutant detection from 32.81 ± 2.05 to 25.07 ± 0.21; with 5 ng input DNA from 34.39 ± 1.36 to 28.10 ± 0.41; with 2.5 ng input DNA from 32.67 ± 2.22 to 28.55 ± 0.35 and with 1 ng input DNA from 35 ± 0 to 32.00 ± 0.74. Next, we tested whether adding this PNA clamp affected the detection of codon 12 mutations by NGS sequencing on the Ion Torrent PGM platform. We observed that both the number of mutant reads and their mutation frequencies relative to wildtype were increased when the PNA clamp was incorporated in the Ion AmpliSeq Cancer Hotspot Panel (v2) workflow ( Fig. 1C and D) . We then tested the potential of coupling PNA clamping with NGS in a pre-clinical setting. Circulating-free DNA (cfDNA) is a promising biomarker for a non-invasive estimate of cancer burden amenable to analysis by NGS [11] . We analysed the KRAS status of a patient with advanced non-small cell lung cancer (NCSLC) using plasmatic cfDNA as a source of circulating tumour DNA. We used droplet digital PCR (ddPCR) to detect a KRAS G12D mutation at an allelic frequency of 3.2% (Fig. 1E ). A qPCR analysis was then performed to assess whether PNA clamping of the WT KRAS allele could improve the detection threshold for this patient oncogenic mutation. Supplementing a range of concentrations of this patient's cfDNA, in presence of PNA clamping, increased the detection threshold for KRAS G12D by qPCR (Fig. 1F ). Specifically, with 10 ng input template DNA, the PNA shifted the average cycling threshold (C t ) from 32.71 ± 2.27 to 27.5 ± 0.18; with 5 ng input DNA from 32.80 ± 2.05 to 28.15 ± 0.24; with 2.5 ng input DNA from 34.51 ± 1.09 to 28.15 ± 0.23 and with 1 ng input DNA from 34.39 ± 1.16 to 28.64 ± 0.28. Next, NGS analysis using a range of concentrations of this patient's cfDNA, in presence of PNA clamping, increased the detection threshold for KRAS G12D , for both the number of mutant reads (Fig. 1G) and their mutation frequencies (Fig. 1H) relative to wild type. Notably, PNA clamping did not reduce coverage of the targeted amplicon versus all other amplicons and there was no effect on mutant reads or mutant frequency for amplicons not bound by the PNA. We found that the frequency of mutant reads to wild type was increased (Fig. 1H ) alongside an increase in the total number of mutant reads (Fig. 1I) after addition of the PNA clamp to the sequencing workflow. The use of PNA clamps to improve the sensitivity of mutation detection in NGS has been previously demonstrated for a GNAS mutation [12] , clamping a single amplicon in a PCR reaction before DNA sequencing. Here, we have further confirmed the advantages of applying this methodology to a distinct NGS platform, utilising lower concentrations of DNA (10 ng, 5 ng, 2.5 ng and 1 ng) that are more amenable for using low DNA yield templates. This finding is of particular relevance to the analysis of cfDNA samples, which are often present at low concentrations and have mutant somatic variants at low frequencies. Though NGS panels are not used for diagnostic purposes, the establishment of a sensitive sequencing methodology, as the one we outline here, would allow for a broad view of the mutational profile of each patient using only 10 ng of cfDNA. This contrasts with the approaches such as ddPCR. Although being highly sensitive, ddPCR requires 10 ng of cfDNA to assay the status of KRAS codons 12 and 13, without providing information on other oncogenic mutations that might inform targeted cancer therapies.
Conclusions
Our data show that the addition of a PNA that clamps the wild-type allele for a potential somatic mutation in an oncogene such as KRAS increases the detection sensitivity of a specific oncogenic alteration.
Limitations
The Ion Torrent PGM sequencer has been recently validated as a reliable tool for the quantitative assessment of somatic mutations in KRAS [13] . The addition of a PNA that clamps WT KRAS to this NGS workflow increases the sensitivity for detecting KRAS G12D mutations, but also changes the nature of the assay from quantitative to qualitative as the true allelic frequency of this specific mutation cannot be determined in presence of PNA clamping. We would argue that a PNA targeting a specific KRAS amplicon on the Ion Torrent PGM is unlikely to affect the quantitative nature for the remaining 206 amplicons (see Methods section) analysed using this workflow. Custom sequencing platforms may provide greater opportunities for PNA clamps to increase the sensitivity of a rare event detection. Clamping wild-type sequences within a hotspot region, PNA clamps may suppress the detection of mutations flanking the bound region on a targeted amplicon. To avoid losing resolution on adjacent areas, custom sequencing panels could employ a level of redundancy in amplicon design, generating separate reactions for bound and unbound amplicons for close genomic regions. Nevertheless, this multi-pool primer panel approach needs at least 20 ng of DNA available for multiplex amplification and might not be feasible for samples with limiting concentration as patient-derived plasma cfDNA. It remains to be determined whether PNA clamps used to increase the detection threshold for a specific mutation by NGS affect the detection threshold for additional mutations in other genomic regions analysed in the multiplexed assay. It also remains to be determined whether several PNAs targeting multiple oncogenic hotspots can be incorporated within the same NGS workflow to increase the detection sensitivity for several oncogenic hotspots. The use of PNA clamps in NGS represents a method to detect rare events in areas of the genome relevant to patient stratification for targeted therapies, while maintaining the ability to probe broad genomic regions for less common, but potentially informative, somatic alterations, with a multiplexing power that is unavailable to standard PCR-based approaches.
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